The nitrile 3,3 0 -iminodipropionitrile (IDPN) causes a loss of hair cells in the vestibular epithelium of the inner ear in several species of both mammals and nonmammals. It is of interest as a model compound in ototoxicity and vestibular regeneration research, but its effects on the mouse, including the potential relevance of strain and sex differences for susceptibility, have not yet been thoroughly characterized. In this study, we compared the vestibular toxicity of IDPN in dose-response studies (0, 8, 12, 16, and 24 mmol/kg IDPN p.o.) in males and females of 2 different mouse strains (RjOrl:Swiss/CD-1 and 129S1/SvImJ). 3,3 0 -Iminodipropionitrile caused a dose-dependent loss of vestibular function in all sex and strain groups, as assessed by a specific battery of behavioral tests. However, large differences in systemic toxicity were recorded, with high systemic toxicity in 129S1 mice of both sexes compared to limited effects on the Swiss mice. Both male and female Swiss mice showed a marked increase of hindlimb stride width after exposure. The Swiss, but not the 129S1, mice treated with IDPN showed hyperactivity in the open field. The dose-response relationships in the behavioral effects were matched by the extent of hair cell loss assessed by scanning electron microscopy. Altogether, the data demonstrated prominent strain-dependent differences in the systemic toxicity of IDPN between 129S1 and Swiss mice, in contrast to no differences between the strains and small differences between the sexes in its vestibular toxicity. These results support the use of Swiss mice exposed to IDPN as a mouse lesion model for research in vestibular therapy and regeneration.
Nitriles are compounds that include cyano (R-CN) groups. They are increasingly used in the chemical industry in a variety of processes, including the synthesis of plastics, nylons, elastomers, and pharmaceuticals (DeVito, 2007) . Many nitriles occur as natural compounds (Jones, 1998) . As a class, they have multiple toxic effects on both sensory and central nervous systems (Boadas-Vaello et al., 2005) , with the inner ear being a major sensory target of nitrile toxicity. Thus, 3, 3 0 -iminodipropionitrile (IDPN), allylnitrile, cis-crotononitrile, crotononitrile, and cis-2-pentenenitrile cause hair cell degeneration in the vestibular and auditory sensory epithelia of laboratory animals. This triggers permanent motor behavior alterations that denote vestibular dysfunction and hearing deficits Llorens, 2001, 2003; Boadas-Vaello et al., 2007 Crofton et al., 1994; Llorens and Demêmems, 1994; Llorens et al., 1993 Llorens et al., , 1998 Llorens and Rodr ıguez-Farré , 1997; Gagnaire et al., 2001; Saldaña-Ru ız et al., 2012a , 2013 Soler-Martin et al., 2007) . 3,3 0 -Iminodipropionitrile has frequently been used as a research model due to its neurotoxic effects. Besides the audiovestibular effects, it also exhibits olfactory (Genter et al., 1992 (Genter et al., , 1996 and visual Herr et al., 1995; Selye, 1957; Seoane et al., 1999) toxicity. Furthermore, it causes a neurofilamentous proximal axonopathy resembling that found in some human neurodegenerative diseases (Chou and Hartmann, 1964; Clark et al., 1980; Llorens, 2013) , and associated with both altered axonal transport (Griffin et al., 1978) and depletion of neurofilaments at the neuromuscular junction level (Soler-Martin et al., 2012 . In addition to those in rats and mice, neurotoxic effects of IDPN have been demonstrated in a variety of species, including rabbit, cat, dog, rhesus monkey, frog, guinea pig, and several species of bird (Delay et al., 1952; Hartmann and Stich, 1957; Saldaña-Ru ız et al., 2012b; Selye, 1957; Soler-Martin et al., 2007) . Despite previous studies demonstrating the effects of IDPN on the vestibular system of mice (Khan and Ibrahim, 2015; Saldaña-Ru ız et al., 2012b; Schlecker et al., 2011; Soler-Martin et al., 2007) , this toxicity has not been thoroughly characterized, and possible sex-or strain-dependent differences remain unexplored. This is relevant to the possible use of IDPN as a research model, particularly to cause ablation of the vestibular hair cells for subsequent regeneration studies (Schlecker et al., 2011) . Sex differences in nitrile toxicity have been demonstrated in mice exposed to acrylonitrile (Chanas et al., 2003) , allylnitrile or ciscrotononitrile (Boadas-Vaello et al., 2008 Saldaña-Ru ız et al., 2013) and in rats exposed to IDPN (Moser and Boyes, 1993) , most probably due to differences in metabolism. Meanwhile, the available data indicate susceptibility to the vestibular toxicity of IDPN of the C57BL/6 (Schlecker et al., 2011) , Swiss (SolerMartin et al., 2007) , 129S1 (Saldaña-Ruiz et al., 2012b) , and SWR/J (Khan and Ibrahim, 2015) strains of mice; but no direct dose-response comparisons are available.
In contrast to other sensory systems, the precise relationship between system pathology and functional consequences remains poorly understood in the vestibular system; a fact that reduces the usefulness of the translation to humans of the results of animal studies. So, it would be beneficial to understand the role of species-or strain-dependent differences in the behavioral consequences of vestibular toxicity, notably the induction of hyperactivity. 3,3 0 -Iminodipropionitrile toxicity causes hyperactivity in some strains of mice (Delay et al., 1952; SolerMart ın et al., 2007) as well as in a variety of other species (Hartmann and Stich, 1957) . In the rat, this hyperactivity has been clearly associated with the vestibular toxicity; in addition, the fact that vestibular toxicity results in hyperactivity has been demonstrated in the Long-Evans strain by trans-tympanic administration of arsanilic acid (Llorens and Rodr ıguez-Farré, 1997) . However, 129S1 mice exposed to allylnitrile or cis-crotononitrile showed vestibular toxicity but no hyperactivity. Whether this discrepancy is due to strain differences or compound differences remain to be determined. The aim of the present work is to provide full data for the effects of IDPN on the vestibular system of 2 strains of mice and both sexes. These data will be useful to: (1) increase knowledge of the sex-and strain-dependency of nitrile toxicity; (2) increase the options available for hair cell ablation in degeneration and regeneration studies (Heydt et al., 2004; Golub et al., 2012; Saldaña-Ru ız et al., 2013) ; and (3) increase our understanding of the relationship between vestibular damage and its functional (behavioral) consequences. To this end, we performed dose-response studies in male and female Swiss (RjOrl:Swiss/CD-1) and 129S1 (129S1/SvImJ) mice. The Swiss strain is widely used in biomedical research, and the 129S1 strain is frequently used to generate genetically modified mice. The data recorded indicated no differences in vestibular toxicity but large differences in systemic toxicity between the strains. Meanwhile, sex-dependent differences were small for both systemic and vestibular toxicity.
METHODS

Chemicals and Reagents
3,3
0 -Iminodipropionitrile (99%) was purchased from Acros Organics (Geel, Belgium). Other chemicals were of analytical grade, as obtained from common commercial sources.
Animals
The experiments were conducted on both sexes of 2 different strains of mice: RjOrl:Swiss/CD-1 (Swiss) mice purchased from Janvier (Le-Genest-Saint-Isle, France) and 129S1/SvImJ (129S1) mice from a local colony established by breeding pairs obtained from the Jackson Laboratory (Bar Harbor, Maine). The Swiss mice were acclimatized for at least 7 days before experimentation and all the mice of both strains were housed 2 to 4 per cage in standard Macrolon cages (28 Â 28Â 15 cm) with wood shavings as bedding. Saldaña-Ru ız et al., 2012b , 2013 . Selection of the IDPN dose selection was based on our previous data (Saldaña -Ru ız et al., 2012b; Soler-Martin et al., 2007) . The animals were observed daily for 4 days and at least 2 times a week afterwards and rated for overall toxicity. The animals were killed if they met the criteria for the ethical limits of suffering. Behavior was assessed at days 0 (pre-test), 1, 3, 7, and 21 after IDPN exposure Llorens, 2001, 2003; Boadas-Vaello et al., 2007 Llorens et al., 1993a; Saldaña-Ruiz et al., 2012b , 2013 Seoane et al., 2005; Soler-Mart ın et al., 2007) . On each of these days, we assessed locomotor activity in the open field and vestibular function via a complete battery of tests. As an exception and due to unforeseen reasons, behavioral data were not obtained on day 1 for the female 129S1 mice. Gait topography was analyzed on day 21 (Boadas-Vaello et al., 2005; Seoane et al., 2005) . All the behavioral studies were carried out by the same investigator. The animals were killed for histological analysis 22-24 days after dosing.
Behavioral Analysis
Vestibular dysfunction ratings. , 2012a , 2013 Soler-Mart ın et al., 2007) . Briefly, the mice were placed for 1 min in an open arena (a clean rat cage) and the experimenter rated the animals from 0 (normal behavior) to 4 (maximal deficit in behavior) for circling, retropulsion, and abnormal head movements. Circling was defined as stereotypical circulatory ambulation. Retropulsion consisted of backward movement. Abnormal head movements consisted of intermittent extreme backward extension of the neck. The mice were then rated from 0 to 4 for the tests of tail hang reflex, contact inhibition of the righting reflex, and air righting reflex. When lifted by the tail, normal mice exhibit a "landing" response consisting of forelimb extension. Mice with impaired vestibular function bend ventrally, sometimes "crawling" up towards their tails, thus tending towards occipital landing. For contact inhibition of the righting reflex, the mice were flipped supine on a horizontal surface and a rigid plastic board was lightly placed in contact with the soles of their feet. Healthy mice quickly right themselves, but vestibular-deficient mice lie on their back, with their feet up and "walk" with respect to the ventral surface. For the air-righting reflex, the animals were dropped supine from a height of 10 cm onto a foam cushion. Normal mice are able to right themselves in the air, whereas vestibular-deficient mice are not. A summary score of vestibular dysfunction (vestibular dysfunction rating [VDR] ) was obtained by adding up the scores for all the behavior patterns.
Open field. The mice were placed in one corner of a white square box (50 Â 50 Â 40 cm). This arena was divided into 10 Â 10 cm squares by black lines and the mice were allowed to move freely for 5 min under a 40 W red light bulb placed 50 cm above the floor, whereas the number of square crossings was counted by an observer in a treatment-blind manner (Soler-Martin et al., 2007) . After each 5-min trial, the open field was cleaned with 0.2% alcohol disinfectant.
Gait topography analysis.
Stepping movements were assessed according to Parker and Clarke (1990) as in previous studies (Boadas-Vaello et al., 2005; Seoane et al., 2005; Soler-Martin et al., 2014) . After marking the hind and fore feet of the mouse with ink (blue and red ink, respectively), the animal was allowed to walk on a piece of paper, leaving a record of its footprints. Hindlimb stride width was measured, as this parameter had previously been reported to be modified in rats after IDPN exposure (Boadas-Vaello et al., 2005) .
Assessment of Vestibular Sensory Epithelia
We examined surface preparations of utricles using scanning electron microscopy (SEM), following standard procedures as described elsewhere Saldaña-Ru ız et al., 2012a , 2013 Soler-Mart ın et al., 2007) . Of the vestibular sensory epithelia, the utricle is the epithelium from which hair cell counts are most easily obtained. Previous nitrile studies showed that the utricle has intermediate ototoxic sensitivity: It is less sensitive than the crista but more than the saccule (Llorens et al., 1993; Saldaña-Ru ız et al., 2013; Soler-Mart ın et al., 2007) . A good correlation between VDR and hair cell counts in the utricle has previously been demonstrated . Briefly, the temporal bones were obtained and immediately immersed in ice-cold 2.5% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.2), and the sensory vestibular epithelia were quickly dissected. The samples were fixed for 1.5 h in the same solution, post-fixed for 1 h in 1% osmium tetroxide in cacodylate buffer, dehydrated with increasing concentrations of ethanol up to 100%, and dried in a critical point dryer using liquid CO 2 . The dried sensory epithelia were coated with gold and observed in a Quanta-200 SEM (FEI Company, Hillsboro, Oregon). In addition, to quantifying hair cell loss in female Swiss mice, hair bundles were counted in representative images of the central part of the utricle with the assistance of ImageJ software (National Institute of Mental Health, Bethesda, Maryland). In optimally preserved utricles, counts were obtained from 120 Â 120 lm images of a central region of the epithelium centered on the striola. In some cases, smaller areas were used to estimate the density of stereocilia because the utricle was damaged or was partially covered with the otoconial membrane or debris.
Statistics
Body weight, open field activity and VDR data from each strain and sex experiment were tested with repeated measures MANOVA (Wilks' criterion) with the day as the within-subject factor. Hair cell bundle counts were normalized as the percentage of the mean control value, to facilitate comparisons with previous experiments, and are shown as mean 6 standard error. One-way ANOVA was used to analyze hair cell counts and gait topography data. To evaluate the strain and sex effects, VDR at day 3 were analyzed by 3-way ANOVA, with dose, strain, and sex as the main factors. To further evaluate the sex effect in Swiss mice, the behavioral data at day 21 were analyzed by 2-way ANOVA, with dose and sex as the main factors. Duncan's test was used, when applicable, for post hoc analysis. In all the analysis, the a level was set at 0.05, and IBM SPSS Statistics 20.0 for Windows software was used.
RESULTS
Effects of 3,3 0 -Iminodipropionitrile on Male 129S1 Mice 3,3 0 -Iminodipropionitrile exposure caused a dose-dependent loss of body weight, indicating acute systemic toxicity ( Figure 1A ). Three days after dosing, the animals administered with 24 mmol/kg of IDPN showed up to a 20% of weight loss. No signs of recovery were recorded on the fourth day, and there was even a further decrease in body weight, so all the animals in this group were killed on ethical grounds at this point. Similarly, the IDPN12 and IDPN16 male 129S1 mice were killed due to excessive weight loss, 7 and 4 days post-dosing, respectively ( Figure 1A ). In contrast, IDPN8 129S1 males showed no evidence of systemic toxicity and their body weights were similar to those of the Control group at all times after exposure ( Figure 1A) . MANOVA of body weight data of the Control and the IDPN8 groups indicated no significant effects of the day factor, F (9,2) ¼ 7.848, P ¼ .118, the day-by-treatment interaction,
In male 129S1 mice, IDPN caused a dose-dependent increase in the VDRs 3 days after dosing, before the IDPN24 and IDPN16 groups were eliminated as indicated above ( Figure 1B) . MANOVA of VDR until the third day revealed significant effects of day, F (2,25) ¼ 24.24, P < .001; day-by-treatment, F (8,50) ¼ 3.51, P ¼ .003; and treatment, F (4,26) ¼ 13.44, P < .001. Significant group differences were identified by ANOVA on post-dosing experimental days 1 and 3, both F (4,26) > 4.762, P < .005. The IDPN12 animals showed significant vestibular dysfunction at day 7 after dosing [F (2,17) ¼ 42.344, P < .001], before the group was eliminated from the study. No significant vestibular dysfunction was recorded in IDPN8 mice at any time during the experiment ( Figure 1B) . MANOVA comparing Control and IDPN8 animals indicated no effect in either the day, F (4,7) ¼ 1.339, P ¼ .345; the day-by-treatment, F (4,7) ¼ 2.118, P ¼ .182; or the treatment
In the open field, the Control animals showed the decrease in locomotor activity that characterizes habituation to repeated testing ( Figure 1C ). One day after IDPN exposure, a significant dose-dependent effect on locomotor activity was observed (F (4,26) ¼ 5.51, P ¼ .002); post hoc analysis revealed a significant decrease of activity in the animals treated with doses of IDPN of 12 mmol/kg and above. In contrast, only the high-dose group showed an apparent decrease in activity at day 3 after dosing, and no significant group differences were found by ANOVA. When the Control and IDPN8 animals were compared by MANOVA from day 0 to 21, a significant day effect was found, F (4,7) ¼ 25.525, P < .001, but no significant effects were found in the day-by-treatment interaction, F (4,7) ¼ 0.473, P ¼ .775, or the treatment factor, F (1,10) ¼ 0.274, P ¼ .612.
The gait topography analysis performed on day 21 after dosing resulted in similar (P > .05) hindlimb stride widths in the Control (2.57 6 0.12 cm) and IDPN8 groups (2.77 6 0.10 cm) of male 129S1 mice.
Due to a technical problem, the SEM observation of the surface preparations of the utricles from these animals was not optimal, and the occurrence of limited damage cannot be excluded. Nevertheless, the available data allowed us to exclude extensive (>25%) loss of hair cells in any of the IDPN8 129S1 male mice (not shown).
Effects of 3,3
0 -Iminodipropionitrile on Female 129S1 Mice
As found in the male 129S1 mice, the female mice of this strain showed a progressive loss of body weight that lead to the elimination of the groups of animals treated with 12 mmol/kg of IDPN or higher doses on day 7 after dosing ( Figure 2A ). Although some animals in the IDPN8 group showed a decrease in body weight, no mean group differences were recorded in comparison with the Control animals. MANOVA of body weights of these 2 groups indicated no effects of day, F (9,2) ¼ 2. In the open field, IDPN caused an apparent decrease in locomotor activity ( Figure 2C) , as recorded in 129S1 males. However, the MANOVA statistics until the seventh day after dosing indicated significant effects of day, F (2,23) ¼ 87.053, P < .001; but no significant effect of either the day-by-treatment interaction F (8,46) ¼ 1.856, P ¼ .091; or the treatment factor, F (4,24) ¼ 2.109, P ¼ .111. When the Control and IDPN8 animals were compared from day 0 to the end of the experiment, the MANOVA statistics revealed significant effects of day, F (3,8) ¼ 10.245, P ¼ .004; and treatment factor, F (1,10) ¼ 5.721, P ¼ .038; but no significant effect of the day-by-treatment interaction, F (3,8) ¼ 1.627, P ¼ .258.
On day 21 after dosing, the Control and IDPN8 female 129S1 mice showed no differences in gait: Hindlimb stride widths were 2.72 6 0.045 and 2.98 6 0.12 cm, respectively (N.S.).
Scanning electron microscopy observation of utricles from the female 129S1 mice revealed a dense and even distribution of stereociliary bundles, each one corresponding to one sensory hair cell, in the utricles from control mice ( Figure 3A) , in accordance with descriptions of normal mouse utricles in the literature (Soler-Mart ın et al., 2007). A similar density and distribution of hair bundles was found in 4 out of 6 IDPN8 animals, whereas the other 2 IDPN8 mice displayed missing and pathological stereociliary bundles in the central region of the utricle (Figure 3B ), affecting a small part (<25%) of the total population.
0 -Iminodipropionitrile on Male Swiss Mice
In the male Swiss mice, IDPN caused a dose-dependent decrease in body weight ( Figure 4A ). However, this effect was not as large as that recorded in the 129S1 mice, and none of the animals in this experiment reached the criteria for termination on ethical grounds. MANOVA of the body weight data indicated significant effects of day, F (6,20) ¼ 87.5, P < .001 and day-bytreatment interaction, F (24,71) ¼ 3.61, P < .001, whereas the treatment factor was not significant, F (4,25) ¼ 0.85, P ¼ 0.510. Decreases in body weight were observed in the treated groups up to days 7 or 9 after dosing, whereas body weights increased in all groups from that time point to the end of the experimental period. 3,3 0 -Iminodipropionitrile caused a dose-dependent increase in the VDRs of the male Swiss mice ( Figure 4B ). MANOVA of the test battery data indicated significant effects of day, F (4,22) ¼ 53.2, P < .001; day-by-treatment, F (16,68) ¼ 6.31, P < .001; and treatment, F (4,25) ¼ 42.8, P < .001. In day-by-day post hoc comparisons, significant group differences were detected on postdosing experimental days 3, 7, and 21, all F's (4,25) > 9.01, P's < .001; whereas no significant group differences were detected on post-dosing day 1, F (4,25) ¼ 1.79, P ¼ .162. High VDRs were recorded one day 7 after exposure in the IDPN16 and IDPN24 groups, and these remained significantly increased until the end of the experiment. In contrast, the IDPN12 animals showed significantly increased VDRs on day 7, but not day 21 after dosing. No vestibular dysfunction was recorded in the IDPN8 mice at any time.
In the open field, IDPN caused an increase in locomotor activity ( Figure 4C ). The MANOVA analysis of spontaneous locomotor activity data indicated significant effects of the day factor, F (4,22) ¼ 11.09, P ¼ .000; the treatment factor F (4,25) ¼ 4.47, P ¼ .007; and the day-by-treatment interaction, F (16,68) ¼ 2.47, P ¼ 0.005. Significant group differences were detected in post hoc analysis on days 1, 7, and 21 post-dosing, all F's (4,25) > 2.96, P's < .05; whereas no significant group differences were detected on day 3 after dosing F (4,25) ¼ 2.04, P ¼ .120. Only the IDPN8 animals showed significant hyperactivity on day 1. However, all the treated groups showed significant hyperactivity in comparison to the Control group on day 7 after dosing. On day 21, the IDPN16 and IDPN24 animals were significantly hyperactive in comparison to the Controls; whereas the IDPN8 and IDPN12 animals showed high mean activity values that failed to reach statistical significance.
The gait topography data on day 21 revealed a dosedependent effect of IDPN on hind limb stride width ( Figure 4D ). ANOVA analysis indicated significant differences between groups, F (4,24) ¼ 9.44, P < .000.
Qualitative SEM analysis (n ¼ 3/group) indicated that IDPN caused a dose-dependent loss of hair cells in the male Swiss mice ( Figure 5 ). In comparison to Control utricles ( Figure 5A ), only one of the 3 IDPN8 animals examined showed altered morphology ( Figure 5B ). Pathological alterations were evident in all the utricles from the IDPN12, IDPN16, and IDPN24 animals, with more extensive and uniform loss of stereociliary bundles in the IDPN16 and IDPN24 than in the IDPN12 mice ( Figure 5C and D) . 
Effects of 3,3 0 -Iminodipropionitrile on Female Swiss Mice
The female Swiss mice showed a dose-dependent decrease in body weight after IDPN exposure ( Figure 6A ). Similar to the Swiss males, and in contrast to the 129S1 females, this effect was moderate and was not accompanied by other evidence of systemic toxicity besides vestibular toxicity. MANOVA of the body weight data indicated significant effects of day, F (4,22) ¼ 29.3, P < .001 and day-by-treatment, F (16,68) ¼ 4.02, P < .001; whereas the treatment factor was not significant, F (4,25) ¼ 2.53, P ¼ .066. Day-by-day analysis revealed significant group differences in body weights on days 3 and 21 after dosing, all F's (4,25) > 3.31, P's < .026. On these days, the IDPN16 and IDPN24 animals had mean body weights lower than mean Control weights. 3,3 0 -Iminodipropionitrile caused a dose-dependent increase in VDRs in the female Swiss mice ( Figure 6B ). The analysis of the test battery data indicated significant effects of day, F (4,22) ¼ 57.01, P < .001; day-by-treatment, F (16,68) ¼ 9.41, P < .001; and treatment, F (4,25) ¼ 50.02, P < .001. On further analysis, significant group differences were found on post-dosing days 3, 7, and 21, all F's (4,25) > 19.5, P's < .001; whereas no significant group differences were detected on post-dosing day 1, F (4,25) ¼ 2.41, P ¼ .076. Increased VDRs were recorded in the IDPN12, IDPN16, and IDPN24 groups, whereas no significant dysfunction was recorded in the IDPN8 mice, any time after exposure. In the open field, IDPN caused a dose-dependent increase in locomotor activity ( Figure 6C) . MANOVA of spontaneous locomotion data indicated significant effects of day, F (4,22) ¼ 13.48, P < .001; day-by-treatment, F (16,68) ¼ 7.01, P < .001; and treatment, F (4,25) ¼ 24.57, P < .001. Significant group differences were found from days 1 to 21 post-dosing, all F's (4,25) >5.56, P's < .001. Post hoc analysis revealed that all the groups of animals exposed to IDPN showed hyperactivity at some time after treatment, and that the IDPN16 and IDPN24 animals showed persistent 3-to 7-fold increases in activity compared to the Control animals.
The hind-limb stride width data from the female Swiss mice on day 21 after dosing revealed a dose-dependent effect of IDPN ( Figure 6D ), ANOVA: F (4,25) ¼ 28.12, P < .001. Stride widths were increased in animals exposed to 12 mmol/kg or higher doses of IDPN.
3,3 0 -Iminodipropionitrile caused a dose-dependent loss of vestibular sensory hair cells in the female Swiss mice, as revealed by SEM of surface preparations of utricles ( Figure 7 ). The Control ( Figure 7A ) and IDPN8 ( Figure 7B ) mice showed a high density of hair bundles, and clear effects were recorded in some but not all of the IDPN12 animals ( Figure 7C ). Extensive loss of hair cells was evident in 5 out of 6 IDPN16 animals and in all 6 IDPN24 animals examined ( Figure 7D and E). The mean number of stereociliary bundles per 1000 lm 2 dropped in a dose-dependent manner to 22% of control values in the IDPN24 animals ( Figure 7F ), F (4,24) ¼ 50.05, P < .001. Figure 8 shows the relationship between mean group values for histological and behavioral data. Thus, the mean number of stereociliary bundles is shown as a function of VDRs ( Figure 8A ), locomotor activity counts in the open field ( Figure 8B ) and hind limb stride width ( Figure 8C ). In all cases, a similar dose response relationship occurred between the behavioral and the histological effects.
Strain and Sex Comparisons
Vestibular dysfunction ratings at day 3 were used to evaluate the strain-and sex-dependent differences in the vestibular toxicity of IDPN. At this time point, greater vestibular dysfunction was recorded for the female than for the male mice, whereas the effect was similar between the 129S1 and the Swiss mice. Three-way ANOVA resulted in significant effects of treatment, F (4,103) ¼ 41.6, P < .001; sex-by-treatment, F (4,103) ¼ 4.36, P ¼ .003; and sex, F (1,103) ¼ 5.56, P < .020. The strain effect, F (1,103) ¼ 0.001, P ¼ .972; the strain-by-treatment interaction, F (4,103) ¼ 1,85, P ¼ .125; the strain-by-sex interaction, F (1,103) ¼ 0.958, P ¼ .330; and the strain-by-treatment-by-sex interaction, F (4,103) ¼ 0.570, P ¼ .685 were not significant.
The sex-dependent differences were also evaluated with the data from the Swiss mice on day 21. Both VDRs and hindlimb stride width data showed a treatment effect, F's (4,50) >7.50, P's < .001, but no significant sex or treatment-by-sex interaction effects, all F's < 2.14, P's > .15. The open field activity data resulted in significant effects of treatment, F (4,50) ¼ 11.16, P's < .000, and sex-by-treatment, F (4,50) ¼ 3.79, P ¼ .009, but no significant effect of sex F (1,50) ¼ 0.29, P ¼ .592. Inspection of the activity data on day 21 revealed a difference between the monotonous dose-dependent effect of IDPN on the activity of the Swiss females ( Figure 6C ), differing from a non-monotonous effect in males ( Figure 4C ).
DISCUSSION
The present study compared the vestibular and systemic toxicity of IDPN in both sexes of RjOrl:Swiss/CD-1 (Swiss) and 129S1/ SvImJ (129S1) mouse strains, which are widely used in biomedical research. 3,3 0 -Iminodipropionitrile caused a similar dosedependent loss of vestibular function in both strains, and a faster but finally similar effect in females than in males. In contrast, a striking difference was recorded between strains in systemic toxicity. Besides the impact of the vestibular toxicity on spontaneous behavior, all the Swiss mice, male and female, showed a healthy appearance throughout the study. Therefore, this strain allowed for the study of the vestibular toxicity at doses of up to 24 mmol/kg. Similarly to the results of the Swiss mice, the groups of male and female 129S1 mice treated with doses of 12 mmol/kg or more displayed signs of vestibular toxicity. However, these 129S1 groups had to be eliminated from the study due to excessive loss of body weight and other evidence of systemic toxicity. Consequently, IDPN cannot be used for vestibular research in 129S1 mice. This conclusion is significant, because the 129S1 genetic background is common among genetically modified strains (e.g., Boadas-Vaello et al., 2007 , and the use of IDPN to lesion animals with genetic modifications and their wild-type controls could be used to address particular questions.
The basis of the differential susceptibility of 129S1 and Swiss mice to the systemic toxicity of IDPN and of their similar susceptibility to the vestibular toxicity remains to be elucidated. Nevertheless, an obvious candidate cause is a difference in IDPN metabolism. In the case of allylnitrile, vestibular toxicity has been demonstrated for its hypothesized metabolite 3,4-epoxybutyronitrile (R ua et al., 2013) , whereas its acute toxicity has been linked to cyanide release (Boadas-Vaello et al., 2009). 3,3 0 -Iminodipropionitrile neurotoxicity has been hypothesized to be mediated by N-hydroxy-IDPN (Nace et al., 1997) , but conclusive evidence is lacking, and the role of metabolism in the systemic toxicity it causes has not been addressed. The present data suggest that the vestibular and systemic toxicities of IDPN are caused by different molecular entities, similarly to what appears to be most likely for other vestibulotoxic nitriles R ua et al., 2013; Saldaña-Ru ız et al., 2012) . In the present study, dose-dependent increases in VDR were compared to dose-dependent decreases in hair bundle densities in the utricles of the same animals. A complete set of hair bundle counts was obtained for Swiss females, and the comparison indicated that a good parallel exist between the behavioral and the histological effect ( Figure 8A ). Similar results had previously been obtained in mice exposed to allylnitrile or cis-crotononitrile (Saldaña-Ruiz et al., 2013) .
One recognized effect of vestibular dysfunction in quadruped animals is an increase in the surface of support (e.g., Tighilet et al., 2015) . Previous studies in rats had shown an increase in hindlimb stride width after IDPN exposure (Boadas-Vaello et al., 2005). We therefore hypothesized that IDPN-induced vestibular dysfunction would increase stride width in mice. A dosedependent increase in stride width was recorded in both male and female Swiss mice (Figs. 4D and 6D) , with a good relationship between the decrease in bundle densities in the utricle and the increase in stride width ( Figure 8C ). Therefore, hindlimb stride width can also be a good predictor of the extent of vestibular damage, in addition to the VDRs ( Figure 8A and Saldaña-Ru ız et al., 2013).
As explained in the Introduction section, this study also addressed the question of the link between vestibular dysfunction and hyperactivity. We found that IDPN caused hyperactivity in Swiss male and female mice but not in 129S1 mice.
Hyperactivity in the open field is a well-established effect of IDPN in rats and mice (Boadas-Vaello et al., 2005; Crofton and Knight, 1991; Delay et al., 1952; Llorens et al., 1993; Llorens and Rodr ıguez-Farré , 1997) , and also a commonly observed consequence of vestibular dysfunction resulting from genetic, surgical and other toxic causes (Avni et al., 2009; Llorens et al., 1993; Llorens and Rodr ıguez-Farré , 1997; Somma et al., 2012) . It is worth noting that in mutant mouse strains, the literature offers examples of different behavioral effects as a function of the precise nature of the vestibular abnormality. Thus, for instance, behavioral deficits are not the same in mice with defective hair cell function and in mice with defective otoconia formation (reviewed by Jones and Jones, 2014) . However, comparison of our present and previous rat and mouse data Llorens, 2001, 2003; Boadas-Vaello et al., 2007 Llorens et al., 1993; Soler-Mart ın et al., 2007; ) suggests that the vestibular lesion in 129S1 mice exposed to nitriles is similar to that that develops in Long-Evans rats and Swiss mice. It is, therefore, unlikely that strain-dependent differences in the nature of the vestibular damage account for the strain-dependent differences in open field activity level. Another possibility is that the systemic toxicity of IDPN in 129S1 mice masked the hyperactivity effect associated with the loss of vestibular function. In support of this hypothesis, IDPN was found to reduce activity a short time after dosing before the permanent hyperactivity became 
FIG. 8.
Hair cell bundle density in utricle as a function of the behavioral data in female RjOrl:Swiss/CD-1 mice. a-d: Groups not sharing a letter are significantly different, P < .05, by Duncan's test; letters above the symbols correspond to hair cell numbers, and letters to the right of the symbols refer to behavioral data. apparent in rats (Boadas-Vaello et al., 2005; Llorens et al., 1993; Llorens and Rodr ıguez-Farré , 1997) . However, the lack of hyperactivity found previously in 129S1 mice exposed to allylnitrile or cis-crotononitrile, even along time after dosing , suggests that there may also be a straindependent difference in the impact of vestibular dysfunction on the level of activity. The fact that wild-type 129S1 mice are extremely inactive in many behavioral assays (Camp et al., 2012; Mhyre et al., 2005; Molenhuis et al., 2014; Moy et al., 2007; Temme et al., 2014) may be behind this lack of hyperactivity after vestibular dysfunction. Taken together, the present and previous data support the conclusion that hyperactivity is a common consequence of vestibular dysfunction, but that there are straindependent exceptions to this principle. This conclusion may be relevant to the interpretation of locomotor activity data from neurotoxicity screening studies.
A decrease in VDRs over time was recorded in the Swiss mice treated with 12 or 16 mmol/kg, whereas a more stable loss of function was observed after exposure to 24 mmol/kg. This apparent recovery after medium, but not high, doses has also been found in rats (Llorens et al., 1993) , and suggests that complete loss of vestibular function is not efficiently compensated for by central mechanisms in rodents, whereas behavioral compensation may depend more on the use of the remaining vestibular input than on the use of information from other sensory systems.
In conclusion, the present study demonstrates prominent strain-dependent differences in the systemic toxicity of IDPN in mice, in contrast to no differences between strains and small differences between sexes in its vestibular toxicity. The data indicate that 129S1 mice are unsuitable for vestibular toxicity or regeneration studies using IDPN. In contrast, Swiss mice offer reliable dose-dependent vestibular toxicity with limited systemic toxicity. The complete assessment of the behavioral and pathological effects of IDPN administered to Swiss females indicated that the extent of the vestibular lesion can be predicted from the behavioral data, making this model interesting for regeneration experiments.
